Introduction {#S0001}
============

Therapeutic stem cells constitute a pivotal component of the regenerative medicine field. For the neurodegenerative diseases, brain injuries, and stroke, the use of therapeutic mesenchymal stem cells (MSCs) showed promising therapeutic effects due to their capability to induce regeneration and neurogenesis, and modulate the vascularization and inflammation of the affected tissues.[@CIT0001] The therapeutic effects of MSCs are attributed to their capability of producing various neurotrophic factors such as brain-derived neurotrophic factor (BDNF),[@CIT0002],[@CIT0003] glial-cell-derived neurotrophic factor (GDNF),[@CIT0004] stromal cell-derived factor 1 (SDF1),[@CIT0005] and angiogenic molecules.[@CIT0006]

One important endogenous protein that is recently attracting the attention of neuroscientists due to its possible roles in neuroprotection is the fibroblast growth factor-21 (FGF21).[@CIT0007] It was found that FGF21 has a role in metabolism regulation by aiding cells to metabolize glucose and lipids.[@CIT0008],[@CIT0009] In addition, FGF21 showed significant neuroprotection effects by increasing levels of the cell-survival-related protein kinase Akt-1, which exhibits remarkable neuroprotective properties, and synergizes the neuroprotective effects of mood stabilizers such as lithium and valproic acid. Moreover, treating aging cerebellar granular cells with FGF21 could stop their glutamate-induced excitotoxicity and neuronal death.[@CIT0007] In this study, we aimed to use novel genetically engineered bone-marrow-derived MSCs that can produce FGF21 to help develop novel neuroprotective MSCs platform that can be used for treatment of neurodegenerative diseases and brain injuries.

Despite recent advances in therapeutic stem cells field, the dream of implementing stem cell therapy in clinical practice is still far to reach. There are several factors that hinder the stem cell therapeutic approaches from reaching clinical practice, among which the lack of adequate knowledge regarding migration and homing of stem cells towards the disease or injury sites,[@CIT0010],[@CIT0011] need of longitudinal non-invasive tracking of the stem cells during the treatment procedures,[@CIT0012] and necessity of monitoring the fate and biodistribution of the stem cells[@CIT0011],[@CIT0013] are major challenges that need to be addressed. In this study, we aim to develop and characterize a labeling strategy and imaging modality for engineered MSCs that may help to address the unmet needs mentioned above of the therapeutic stem cells field.

In order to deal with such challenges, many research groups exert considerable efforts to develop imaging modalities for the therapeutic stem cells. Most of the currently used imaging modalities suffer from significant drawbacks. For example, positron emission tomography (PET) and single photon emission computed tomography (SPECT) imaging techniques require the use of radiotracers which may leak into body tissues and have rapid radioactive decay, and hence are not suitable for longitudinal imaging studies, and optical imaging using fluorescence or bioluminescence techniques suffer from poor tissue penetration (suitable only for superficial imaging) and may require engineered cells with reporter genes which may affect the biological properties of cells.[@CIT0012],[@CIT0014] Despite having less sensitivity, magnetic resonance imaging (MRI) is an excellent imaging modality that suits well the non-invasive longitudinal monitoring of therapeutic stem cells both in preclinical and clinical practices because it exhibits high spatial resolution, excellent tissue penetration and contrast, and the capability to acquire the pathophysiological and anatomical information of tested subjects.[@CIT0015],[@CIT0016] In this study, we aimed to label MSCs for MRI applications and evaluated their imaging properties.

MRI techniques require the use of cells labeled with contrast agents that are photostable, non-toxic, biocompatible, and do not alter cell properties.[@CIT0017] Iron oxide superparamagnetic nanoparticle formulations are considered as simple and effective contrast agents for MRI applications.[@CIT0018] Such formulations exhibit strong negative contrast properties in both T~2~ and T~2~\*-weighted MRI images,[@CIT0019] and allow the histochemical detection of labeled cells by simple staining techniques. However, the iron oxide nanoparticle formulations and cell labeling protocols should be designed in a way to avoid any toxic effects or alteration of biological properties or functions of cells.[@CIT0020] Depending on the type of iron oxide nanoparticle formulations and their surface properties, MSCs\' labeling may not be sufficient for MRI applications. Consequently, several approaches have been utilized to enhance nanoparticle uptake by MSCs such as incubating cells with protamine sulfate[@CIT0021] or Poly(L-lysine)[@CIT0022] along with nanoparticles, and applying magnetoelectroporation methods.[@CIT0023] Such approaches require tedious tuning and characterization, and may alter cell properties and functions. Besides, there is no clinically approved iron oxide formulation for labeling stem cells.[@CIT0024] Therefore, there is a considerable need for more research to develop and characterize labeling strategies for MSCs for MRI applications.

In this study, we aimed to establish an efficient non-toxic labeling strategy for genetically engineered MSCs without affecting their production of FGF21 protein or differentiation capabilities for non-invasive MRI visualization and tracking, and characterize their MRI imaging properties longitudinally in vivo. We compared the labeling efficiencies of three commercial iron oxide nanoparticle formulations to select the best suited for our MSCs labeling. We determined the optimum labeling conditions of the selected nanoparticle formulation regarding iron oxide concentration and labeling medium supplementation. We investigated the cellular localization of nanoparticles within the labeled MSCs and determined the efficiency (percentage of labeled cells) of labeling the cells with nanoparticles using the optimized conditions. We investigated the effects of the optimized labeling conditions on cell viability, expression of FGF21 protein, and differentiation capabilities. We tested the imaging capabilities of labeled MSCs in vitro in agarose phantoms and longitudinally after their stereotaxic implantation in mice brains for a period of 4 weeks. We believe that our data presented in this manuscript demonstrate a foundation for preclinical studies concerned with tracking, determining the dosage and long-term monitoring of therapeutic stem cells, and would be of interest and inspiration to regenerative medicine, neuroscience, and nanomedicine scientists.

Materials And Methods {#S0002}
=====================

Chemicals And Reagents {#S0002-S2001}
----------------------

We purchased the Iron oxide (II, III) magnetic nanoparticles solution in H~2~O (IO-S NPs) of 20 nm average particle size from Sigma-Aldrich, Molday ION EverGreen aqueous suspension of superparamagnetic iron oxide (magnetite) nanoparticles (IO-MI NPs) of 35 nm average particle size from BioPAL Inc., and amino group functionalized iron oxide (Fe~3~O~4~) nanoparticles (IO-TN) suspended in H~2~O of 6--10 nm average size from TAN Bead Inc.

Cell Culture {#S0002-S2002}
------------

The mesenchymal stem cells were originally purchased from GIBCO^®^ and are derived from bone marrow of C57BL/6 mice. Cells were genetically engineered by transduction using lentivirus particles containing bicistronic vectors containing either mCherry reporter gene to produce either mCherry red fluorescent protein alone (named herein as mCherry MSCs) or open reading frame of Mus musculus FGF21 along with mCherry reporter gene to produce fibroblast growth factor 21 (FGF21) hormone and mCherry (named herein as FGF21 MSCs), controlled by the human elongation factor 1-α (*EF1-α*) promoter and obtained from GenCopoeia, Rockville, MD, USA. Cells were sorted using fluorescence-activated cell sorting (FACS) to isolate the cells that highly express mCherry protein. Both types of engineered cells were supplied by assistant professor Kai-Yun Chen at Taipei Medical University. Cells were grown in D-MEM/F-12 medium with GlutaMAX™-I supplemented with 10% MSC-Qualified fetal bovine serum (FBS) and 5 μg/mL gentamycin.

Prussian Blue Staining For Iron {#S0002-S2003}
-------------------------------

Labeling of cells with the iron oxide nanoparticles was evaluated using the prussian blue staining procedures for iron according to a previous report.[@CIT0025] Cells were seeded in 12-well plates at a density of about 1.5x10^5^ cells per well and grown to about 70% confluency, then labeled with the specified nanoparticles under the specified conditions (non-labeled cells were also used as control group). Cells were washed with phosphate-buffered saline, fixed using 10% formalin and stained using the Iron Stain Kit of Sigma-Aldrich according to the manufacturer's protocol. Images were acquired using the TissueFAXS platform (TissueGnostics, Vienna, Austria) inverted microscope.

Confocal Laser Scanning Microscopy {#S0002-S2004}
----------------------------------

FGF21 MSCs and mCherry MSCs were cultured on sterile slide coverslips inside 12-well plates, then labeled overnight with 25 µg/mL of IO-MI NPs in media with or without FBS supplementation. Non-labeled control cells were cultured and subjected to the same procedures but without nanoparticles. Coverslips were washed 5 times with phosphate-buffered saline (PBS), then mounted on microscope slides using DAPI containing mounting medium (ProLong™ Gold Antifade Mountant). Images were acquired using a confocal laser scanning microscope Leica TCS SP5 system.

Transmission Electron Microscopy Of Nanoparticles {#S0002-S2005}
-------------------------------------------------

Nanoparticle suspensions (original suspension suspended in PBS or in medium with or without FBS and incubated overnight at 37°C and 5% CO~2~) were added on TED PELLA grids for 5 mins, washed with double distilled water, and dried at 60°C. Images were acquired using a HITACHI Transmission Electron microscope (HT-7700).

Flow Cytometry Of Cells {#S0002-S2006}
-----------------------

Cells to be tested were grown in 6-well plates, then labeled overnight with 25 µg/mL of IO-MI NPs in medium without FBS supplementation at 37°C and 5% CO~2~. Cells were washed 5 times with PBS with gentle shaking for 5 mins for each wash. Cells were detached using Trypsin-EDTA solution, dissociated using gentle pipetting, and washed with ice cold PBS three times. Cell numbers of each group were adjusted to 1x10^6^ cells/mL, then analyzed using a CytoFLEX Flow Cytometer Platform -- Beckman Coulter.

Cell Viability Assay {#S0002-S2007}
--------------------

We used the WST-1 cell proliferation reagent (Roche Diagnostics, Germany) to test the viability of FGF21 MSCs according to our previous publications[@CIT0025],[@CIT0026] with slight modification. We seeded the cells in 96-well plates and incubated them at the optimum growth conditions to reach a confluency of about 80%. We removed the media from wells and added fresh ones with different concentrations of IO-MI NPs without FBS supplementation (media without nanoparticles were also used for non-labeled control cells). After overnight incubation, we removed the media and followed the reagent manufacturer's protocol to determine the cell viability.

Western Blot {#S0002-S2008}
------------

FGF21 MSCs were labeled overnight with 25 µg/mL of IO-MI NPs in medium without FBS supplementation at 37°C and 5% CO~2~. Non-labeled cells subjected to the same experimental conditions were used as control. Extracted total proteins of cells were denatured, subjected to electrophoresis separation in SDS-PAGE gels, and transferred to polyvinylidene difluoride polyacrylamide (PVDF) membranes according to previous protocols.[@CIT0025]--[@CIT0027] Rabbit anti-mouse FGF21 antibody (Aviscera Bioscience, Code: A00145-03-100) and beta-actin antibody (C4) (Santa Cruz Biotechnology, Code: sc-47778) were used to probe the FGF21 and beta-actin proteins, respectively (stripping and reprobing were performed). Horseradish peroxidase (HRP) secondary antibodies and Immobilon Western Chemiluminescent HRP Substrate kit were used to visualize the protein bands. Protein bands were normalized based on those of beta-actin and quantified using ImageJ.

Osteogenic And Adipogenic Differentiation Of The Mesenchymal Stem Cells {#S0002-S2009}
-----------------------------------------------------------------------

We used the StemPro^®^ Osteogenesis Differentiation Kit and StemPro^®^ Adipogenesis Differentiation Kit from Gibco^TM^ to test the osteogenic and adipogenic differentiation capabilities of cells, respectively. We tested the differentiation capabilities of FGF21 MSCs and mCherry MSCs with and without labeling with 25 µg/mL of IO-MI NPs in medium without FBS supplementation at 37°C and 5% CO~2~. We followed the kit\'s manufacturer's protocols to induce differentiation of cells. We tested cell differentiation into the osteogenic lineage by Alizarin Red S staining and into the adipogenic lineage by Oil Red O staining. Images were acquired using the TissueFAXS platform (TissueGnostics, Vienna, Austria) inverted microscope.

Preparation Of Cell Phantoms For Magnetic Resonance Imaging (MRI) {#S0002-S2010}
-----------------------------------------------------------------

Cells were labeled under the optimum conditions with different concentrations of nanoparticles, then washed 5 times with ice cold PBS for 5 mins each, harvested using Trypsin-EDTA solution, dissociated using gentle pipetting, and cell numbers were determined and adjusted to the desired counts. Cell suspensions were warmed to 60°C, mixed at a 1:1 volume ratio carefully with warm 2% agarose solutions (60°C) to avoid introduction of air bubbles inside PCR tubes and cooled rapidly on ice to solidify. Solidified phantom tubes were put in a polystyrene support at the same height level and scanned by the MRI scanner.

Animal Experiments {#S0002-S2011}
------------------

All animal experiments of this study were performed according to the guidelines and regulations of the Institutional Animal Care and Use Committee (IACUC) of Taipei Medical University (TMU) and "3Rs" guidelines for animal experiments. The IACUC reviewed the study procedures and experimental protocols, and granted approval for the animal experiments presented in this study (IACUC approval number: LAC-2018-0174). We used 6--8-weeks-old male C57BL/6 mice (n=15) of 20--25 g weight in our experiments which were bought from the National Laboratory Animal Center, Taiwan. Mice were divided into three groups (n=5 each) to receive 50,000, 10,000, or 2000 transplanted cells per one side of the brain. Mice were anesthetized using intraperitoneal injections of a mixture of tiletamine-zolazepam (Zoletil^®^) (dose: 10 mg/kg) and xylazine (Rompun^®^) (dose: 10 mg/kg), then maintained under 2% isoflurane. For implantation of the nanoparticles labeled and non-labeled FGF21 MSCs, each mouse was fixed on a Kopf^®^ small animal stereotaxic device using the mouse adaptor (nose and tooth bars) and ear bars over a heating pad to maintain body temperature. Above the skull, the fur was shaved, skin was cut (small incision) to expose the region of implantation of cells, drill openings were done at the specified coordinates, and the desired number of cells was injected using a Hamilton syringe connected to a 26G needle through Intramedic™ polyethylene tubing. Cells were injected at a depth of 3 mm below the brain surface at coordinates of 1 mm anterior to the bregma with 2 mm to the right side for the IO-MI NPs labeled FGF21 MSCs and 2 mm to the left side for the non-labeled FGF21 MSCs. The specified number of cells was injected slowly in aliquots of PBS of 2 µL volume over a period of 10 mins. After injection of cells, the syringe was kept in place for further 10 mins, then raised slowly out of the brain over a period of 10 mins. The drill openings were closed by dental cement mixed with acrylic liquid then the skin was closed by surgical sutures. The mice were maintained under 2% isoflurane anesthesia for MRI scanning at the specified time intervals. At the end of experiments, the mice were euthanized using excess dose of anesthetics.

In Vitro And In Vivo Magnetic Resonance Imaging (MRI) Experiments {#S0002-S2012}
-----------------------------------------------------------------

MRI images were acquired using a 7T Bruker PharmaScan MRI scanner equipped with a volume coil of inner diameter of 72 mm (Bruker Biospin, MA, USA). For the embedded cell phantoms, we acquired their T~2~-weighted images using the multi-spin multi-echo (MSME) pulse sequence protocol of a repetition time of 3500 msec, echo times of 8.8--440 msec with an echo spacing of 8.8 msec, 50 echo images and a flip angle of 90°. For mice, we anesthetized them by making them inhale 1--2% isoflurane prior to and during scans, and acquired their T~2~\*-weighted images using the fast low-angle shot (FLASH) gradient echo sequence of a repetition time of 300 msec, echo times of 3.627--68.987 msec with an echo spacing of 3.44 msec, 20 echo images and a flip angle of 15°, and their MSME T~2~-weighted images using the MSME pulse sequence protocol of a repetition time of 5054.781 msec, echo time of 8.8--308 msec with an echo spacing of 8.8 msec, 35 echo images, and a flip angle of 90°. The signal intensity versus echo time graphs were constructed by selecting regions of interest (ROI) in images of phantoms or mice brains and measuring the signal intensities of each ROI at different echo times using the ImageJ software. The ROI were of the same shape and area in the same image for the sake of accurate comparison.

Statistical Analysis {#S0002-S2013}
--------------------

The data of this manuscript are presented as mean values ± standard deviation (SD) values. Statistical analysis of our results was performed using the ANOVA (analysis of variance) two-way with replication method to assume the two-tail *p*-values, *F*-values, and *F*-critical values of the data sets, and the *t*-test assuming unequal variances method to assume the two-tail *p*-values of the data sets. The performed statistical analysis methods as well as the analysis outcomes are displayed on the figures and/or mentioned in the figure legends.

Results {#S0003}
=======

Screening Different Superparamagnetic Nanoparticle Formulations For Efficient Labeling Of The Mesenchymal Stem Cells And Optimizing Their Labeling Conditions {#S0003-S2001}
-------------------------------------------------------------------------------------------------------------------------------------------------------------

To determine the most suitable superparamagnetic nanoparticle formulation to label our mesenchymal stem cells, we investigated the labeling efficiencies of three commercially available superparamagnetic nanoparticle formulations (IO-S NPs, IO-MI NPs, IO-TN NPs) under the same labeling conditions of a working nanoparticle concentration of 50 µg/mL (iron content of nanoparticles), suspended in culture media supplemented with FBS and incubated overnight with cells. We stained the labeled cells for iron using the Prussian blue staining procedure[@CIT0025] and compared them to non-labeled control cells ([Figure 1A](#F0001){ref-type="fig"}). We found that IO-S NPs labeled the FGF21 MSCs partially using the specified conditions and showed aggregates of the nanoparticles both inside and outside cells. On the other side, IO-MI NPs showed more uptake of nanoparticles by cells and the least aggregates of nanoparticles among the tested nanoparticle formulations. Whereas, IO-TN NPs showed the least uptake of nanoparticles by cells and the most aggregates of nanoparticles among the tested formulations. Representative micrographs of the cells labeled with the three nanoparticle formulations are presented in [Figure 1B](#F0001){ref-type="fig"}. Based on these findings, we selected IO-MI NPs to proceed with our study.Figure 1Representative micrographs of FGF21-producing mesenchymal stem cells (FGF21 MSCs) stained with prussian blue stain for iron, showing iron oxide nanoparticles uptaken by cells. (**A**) Non-labeled (cells without nanoparticles). (**B**) Cells labeled with different types of iron oxide nanoparticles (IO-S NPs, IO-MI NPs, and IO-TN NPs) of iron content concentration of 50 µg/mL and suspended in culture media supplemented with FBS. (**C**) Cells labeled with different concentrations of IO-MI NPs suspended in culture media without FBS supplementation. (**D**) Cells labeled with 25 µg/mL IO-MI NPs suspended in media with or without FBS supplementation.

In order to determine the optimum concentration of IO-MI NPs to label the cells, we tested the labeling efficiencies of three concentrations of IO-MI NPs suspended in culture media without FBS supplementation and incubated overnight with cells ([Figure 1C](#F0001){ref-type="fig"}). We found that a concentration of 12.5 µg/mL of IO-MI NPs did not achieve labeling for all FGF21 MSCs and the amounts of uptaken nanoparticles were not high enough compared to the other tested concentrations. The concentration of 25 µg/mL of IO-MI NPs achieved labeling of almost all cells and did not show visible aggregates of nanoparticles. Although the concentration of 50 µg/mL of IO-MI NPs labeled all cells and achieved the highest amounts of nanoparticles per cell, the nanoparticles were aggregated both inside and outside cells. Accordingly, we concluded that 25 µg/mL of IO-MI NPs is the optimum concentration to label our mesenchymal stem cells.

To further optimize the labeling conditions for our mesenchymal stem cells, we characterized the labeling outcomes of 25 µg/mL of IO-MI NPs suspended in culture media with or without FBS supplementation and incubated overnight with FGF21 MSCs ([Figure 1D](#F0001){ref-type="fig"}). We observed that the labeling efficiency of nanoparticles suspended in the FBS supplemented medium was higher than those suspended in the non-FBS supplemented medium. However, the nanoparticles suspended in the FBS supplemented medium showed lots of aggregates that seemed to adhere to the outside of cells contrary for those suspended in the non-FBS supplemented medium which did not show almost any significant aggregates. Therefore, we excluded the labeling condition of nanoparticles suspended in the FBS supplemented medium from our further experiments because the aggregated nanoparticles will contribute to the measured magnetic properties of the cells by MRI and will not reflect the actual amounts of uptaken nanoparticles, and hence will not be suitable to detect or monitor the labeled cells in vitro and in vivo.

Visualizing The Cellular Localization And Uptake Of Nanoparticles By MSCs Labeled At Different Media Supplementation Conditions {#S0003-S2002}
-------------------------------------------------------------------------------------------------------------------------------

We found that IO-MI NPs showed dense blue spots associated with cells following the prussian blue staining of labeled cells. However, it was not clear whether the nanoparticles were uptaken inside cells or aggregated outside cells. In order to detect the cellular localization and uptake of nanoparticles by cells and the aggregation properties of nanoparticles, we visualized FGF21 MSCs and mCherry MSCs after labeling with IO-MI NPs in media with or without FBS supplementation with confocal laser scanning microscopy and compared them to the corresponding non-labeled cells.

Results showed that both FGF21 MSCs ([Figure 2A](#F0002){ref-type="fig"}) and mCherry MSCs ([Figure 2B](#F0002){ref-type="fig"}) were equally labeled with IO-MI NPs under the same conditions. Both non-labeled cell types showed clear distinct cytoplasm and nucleus structures that were visible using the phase contrast technique and DAPI staining, respectively. No autofluorescence was detected in any of the cell types. Both cell types labeled with IO-MI NPs in media without FBS supplementation showed clear intracellular vesicles containing green fluorescent nanoparticles that were localized in cytoplasm. No nanoparticles were detected in nuclei of cells and no aggregates of nanoparticles were detected outside cells. For labeling with IO-MI NPs in FBS supplemented media, both cell types showed distinct intracellular vesicles of uptaken nanoparticles that were larger in size and more in number than those of the cells labeled with nanoparticles in media without FBS supplementation. Such vesicles were absent from nuclei of cells. Interestingly, we found that IO-MI NPs showed aggregates of nanoparticles outside cells of both types (shown by red arrows in the illustrated micrographs of cells), in accordance with our findings of the prussian blue staining of labeled cells and TEM imaging of IO-MI NPs suspended in media with FBS supplementation.Figure 2Representative confocal laser scanning microscopy micrographs of FGF21 MSCs (**A**) and mCherry MSCs (**B**) labeled with 25 µg/mL of IO-MI NPs in media with or without FBS supplementation. Non-labeled control cells are also shown. Nuclei: blue color, nanoparticles: green color, and aggregates of nanoparticles: red arrows.

Effect Of Culture Media Supplementation On The Aggregation Properties Of Nanoparticles {#S0003-S2003}
--------------------------------------------------------------------------------------

We observed that labeling the MSCs in media containing FBS supplementation resulted in the appearance of large aggregates of nanoparticles that were clustered on cells. To determine whether this finding is due to the used cell type or inherent property of nanoparticles, we incubated IO-MI NPs without cells in culture media with or without FBS supplementation at the optimized labeling conditions that were determined from our previous experiments, then visualized the nanoparticles with TEM and compared them to the original nanoparticle suspension.

The IO-MI NPs original suspension showed uniform non-aggregated electron-dense nanoparticles of regular shapes, sizes, and monodisperse pattern as determined from the TEM images. The IO-MI NPs incubated in culture media with FBS supplementation produced large aggregates (that were even visible under light microscope) of nanoparticles, contrary for those incubated in culture media without FBS supplementation which showed almost no aggregates of nanoparticles compared to the original IO-MI NPs suspension ([Figure 3A](#F0003){ref-type="fig"}). These findings denote that IO-MI NPs aggregate in the presence of FBS regardless of the used cell type.Figure 3Characterization of IO-MI NPs, their labeling efficiency and effects on cells. (**A**) Representative micrographs of IO-MI NPs suspended in their original suspension or in culture media with or without FBS supplementation, acquired using transmission electron microscope (TEM). (**B**) Flow cytometry of FGF21 MSCs labeled or not labeled with IO-MI NPs and their respective mean fluorescence intensities. (**C**) Viability of FGF21 MSCs labeled with different concentrations of IO-MI NPs in medium without FBS, tested with WST-1 assay to detect any cytotoxic effects of nanoparticles. (**D**) Western blot assay of FGF21 extracted from FGF21 MSCs labeled with 25 µg/mL of IO-MI NPs, compared to that of the non-labeled cells.

Determining The Efficiency Of The Optimized Labeling Conditions {#S0003-S2004}
---------------------------------------------------------------

In order to evaluate the labeling efficiency of IO-MI NPs under the optimized conditions, we performed flow cytometry analysis of FGF21 MSCs labeled overnight with 25 µg/mL of IO-MI NPs in culture media without FBS supplementation, compared to non-labeled cells. We found that these optimized conditions achieved labeling to almost all cells (98.29 ± 0.86% of the cells) which was evident from the strong shift of fluorescence peak from the non-labeled to the labeled cells and the statistical significant difference of the mean fluorescence intensities of non-labeled and labeled cells ([Figure 3B](#F0003){ref-type="fig"}). We decided that such labeling efficiency is suitable for our intended purpose of tracking cells in vivo in terms of acquired magnetic properties and absence of adsorbed extracellular nanoparticles or aggregates.

Effects Of Labeling The Mesenchymal Stem Cells With Nanoparticles On Their Viability And Expression Of FGF21 Protein {#S0003-S2005}
--------------------------------------------------------------------------------------------------------------------

We aimed to evaluate the safety of labeling MSCs with IO-MI NPs by testing the viability of cells labeled with different concentrations of nanoparticles (up to 50 µg/mL, which is double the concentration we use to label cells for MRI applications), using the WST-1 cell proliferation reagent. We found that labeling the FGF21 MSCs with IO-MI NPs did not reduce the viability of cells at the optimized labeling conditions for all tested concentrations compared to the non-labeled control cells, indicating that IO-MI NPs have no cytotoxicity against cells at the tested concentrations ([Figure 3C](#F0003){ref-type="fig"}). Moreover, there was no statistical significant difference between the viability of cells labeled with different concentrations of nanoparticles.

Our FGF21 MSCs produce the fibroblast growth factor 21 (FGF21) protein which showed a great potential for many therapeutic applications as mentioned earlier. Therefore, we had a special interest to evaluate the effects of labeling the cells with magnetic nanoparticles on the production of such protein. We tested the amounts of FGF21 in cell lysates using Western blot experiments. We found that FGF21 MSCs labeled with 25 µg/mL of IO-MI NPs produced about 90.5% of the amounts of FGF21 produced by the non-labeled cells ([Figure 3D](#F0003){ref-type="fig"}). Although the amounts of FGF21 produced by the labeled cells were little less than the non-labeled cell, we believe that such amounts are satisfactory for the therapeutic effects of the mesenchymal stem cells.

Influence Of Labeling The Mesenchymal Stem Cells With Nanoparticles On Their Differentiation Capabilities {#S0003-S2006}
---------------------------------------------------------------------------------------------------------

One important property of bone marrow-derived mesenchymal stem cells is to differentiate into different specialized cell types such as osteoblasts and adipocytes.[@CIT0028],[@CIT0029] Along with the capability to produce growth factors, mesenchymal stem cells need their capability of differentiating into different cell types to boost regeneration of injured tissues,[@CIT0030] and hence exert their therapeutic role. In order to determine whether labeling our mesenchymal stem cells with IO-MI NPs will affect their differentiation capabilities, we performed osteogenic and adipogenic differentiation experiments for labeled and non-labeled FGF21 MSCs ([Figure 4A](#F0004){ref-type="fig"}) and mCherry MSCs ([Figure 4B](#F0004){ref-type="fig"}).Figure 4Representative micrographs of osteogenic and adipogenic differentiated FGF21 MSCs (**A**) and mCherry MSCs (**B**), compared to non-differentiated cells with or without labeling using 25 µg/mL of IO-MI NPs in media without FBS supplementation.

We observed that the non-labeled FGF21 MSCs and mCherry MSCs showed clear osteogenic and adipogenic differentiation of cells after culturing in the differentiation media for the specified durations of 21 and 14 days, respectively. For the osteogenic differentiation experiment, we found that the morphology of cells changed clearly from their typical spindle shape (fibroblast-like morphology) to new distinct shapes such as round, oval, and polygonal shapes. We further confirmed the osteogenic differentiation by staining the samples for Ca^+2^ deposits by Alizarin Red S staining technique and found that the differentiated cells sample showed abundant dense deposits of Ca^+2^ that were stained red, which were absent in the non-differentiated cells. On the other side, FGF21 MSCs and mCherry MSCs labeled with 25 µg/mL of IO-MI NPs and cultured in the non-differentiating medium showed minute granular brownish yellow intracellular aggregates of nanoparticles that were localized in cytoplasms and absent from nuclei of cells. Staining with Alizarin Red S technique did not show any red deposits, indicating absence of osteogenic differentiation of cells. However, FGF21 MSCs and mCherry MSCs labeled with 25 µg/mL of IO-MI NPs and cultured in the osteogenic differentiating medium showed abundant dense red color of Ca^+2^ deposits with Alizarin Red S stain, indicating osteogenic differentiation of the labeled cells.

For the adipogenic differentiation experiments, the non-labeled FGF21 MSCs and mCherry MSCs cultured in the non-differentiating medium showed the typical spindle shape morphology of cells. However, the non-labeled FGF21 MSCs and mCherry MSCs cultured in the adipogenic differentiation medium showed different morphology of cells of round shape and round intracellular lipid droplets that were stained light red with Oil Red O staining technique. For FGF21 MSCs and mCherry MSCs labeled with 25 µg/mL of IO-MI NPs and cultured in the non-differentiating medium, cells showed similar morphology to the non-labeled ones with intracellular cytoplasmic minute granular aggregates of nanoparticles of brownish yellow color and no droplets of lipid, indicating no differentiation of cells due to nanoparticles labeling. For FGF21 MSCs and mCherry MSCs labeled with 25 µg/mL of IO-MI NPs and cultured in the adipogenic differentiation medium, cells exhibited different morphology than the parent cells, of round shape with cytoplasm containing lipid droplets that were stained light red with Oil Red O staining technique, denoting that labeling the cells with nanoparticles did not affect their differentiation capabilities.

Investigation Of The Contrast Enhancement Capabilities Of The Labeled Mesenchymal Stem Cells By MRI {#S0003-S2007}
---------------------------------------------------------------------------------------------------

To evaluate the capabilities of our nanoparticles-labeled FGF21 MSCs to impart contrast to MRI and to develop optimized MRI scan sequence protocols, we prepared phantom tubes of increasing numbers of labeled cells (175, 1756, 17,560, and 175,600 cells in the scanned slices) embedded in agarose gels and tested several MRI sequence protocols including T~2~ MSME, T~2~\* FLASH, T~2~ RARE, SWI FLASH, SWI, T~1~ FISP (not all sequences are shown in this manuscript) using a 7T MRI scanner. We tested the signal intensities of different numbers of labeled cells compared to the control phantoms and their response to several relaxation types including the transverse relaxation (T~2~). We found that the transverse relaxation (T~2~) measurements were more significant and suitable for our experiments. Results of the T~2~ MSME sequence showed a gradual decrease in signal intensities of phantoms with increase in the number of labeled cells. The T~2~ signal intensities decayed rapidly and significantly for higher numbers of labeled cells (175,600 and 17,560 cells) at echo times of small values compared to the control phantoms, whereas the lower numbers of labeled cells (175 and 1756 cells) showed gradual exponential decay of their signal intensities. The sensitivity of our system could determine a number of about 175 of labeled cells, where their signal intensities were statistically significantly less than those of the control phantom. Such results indicate that the labeled FGF21 MSCs have strong T~2~ contrast capabilities (signal decay) compared to control phantoms. The signal intensities versus echo times graph showed that there is a correlation between the intensities of the 175,600 cells phantom and echo times of 8.8 to 26.4 msec, 17,560 cells phantom and echo times of 8.8 to 123.2 msec, and both 1756 and 175 cells phantoms and echo times of 8.8 to 352 msec. Please refer to [Figure 5](#F0005){ref-type="fig"} for a representative MRI image of the phantoms and the corresponding graph for the signal intensities versus echo times.Figure 5Representative T~2~-weighted MRI image of different numbers of labeled FGF21 MSCs in agarose phantoms acquired using MSME sequence protocol and their corresponding signal intensities versus echo times graph (all cells were labeled using 25 µg/mL of IO-MI NPs in media without FBS supplementation). \*Analysis of variance (ANOVA) showed that there are statistical significant differences between the signal intensities of any of the labeled cells (175, 1756, 17,560, or 175,600 cells) and of the non-labeled cells (0 cells). However, there is no statistical significant difference between the signal intensities of 175 and 1756 cells.

MRI Of Labeled And Non-Labeled Mesenchymal Stem Cells Transplanted In Mice Brains {#S0003-S2008}
---------------------------------------------------------------------------------

To determine the suitability and potential of our labeled mesenchymal stem cells for MRI applications and tracking in vivo, we stereotaxically transplanted different numbers (50,000 cells; [Figure 6A](#F0006){ref-type="fig"}, 10,000 cells; [Figure 6B](#F0006){ref-type="fig"}, and 2000 cells; [Figure 7](#F0007){ref-type="fig"}) of labeled (right side) and non-labeled (left side) FGF21 MSCs in mice brains at the specified coordinates and acquired their live MRI images at different time points (0, 1, 7, 14, 21, and 28 days) after the transplantation procedures using the T~2~\* FLASH and T~2~ MSME sequence protocols. All counts of labeled cells were detectable by T~2~\* FLASH and T~2~ MSME sequences. We noticed that the labeled cells showed areas of significant hypointense regions (marked with blue dotted line outlines) that persisted for 28 days after transplantation compared to areas of non-labeled cells (marked with red dotted line outlines) which did not show any difference from neighboring regions of the brain (except for slight disruption of the brain tissue and minor bleeding that were occasionally observed due to the injection needle and transplanted cells). The hypointense areas of the labeled cells correlated to the numbers of injected cells and MRI scan sequence protocols, and decreased with time. The T~2~\* FLASH sequence showed more sensitivity to detect labeled cells than the T~2~ MSME sequence (T~2~\* FLASH images showed more clear hypointense regions for the smallest cell count (2000 cells) compared to the T~2~ MSME images) ([Figure 7](#F0007){ref-type="fig"}). However, the T~2~ MSME sequence showed better anatomical structure of the brain than the T~2~\* FLASH sequence. We observed significant "blooming effect" in the images acquired by T~2~\* FLASH sequence especially for higher cell counts (50,000 cells; [Figures 6A](#F0006){ref-type="fig"} and 10,000 cells; [Figure 6B](#F0006){ref-type="fig"}); such effect was less visible with the T~2~ MSME sequence. Signal intensity calculations of the acquired images showed that T~2~\* FLASH and T~2~ MSME sequences produced sharp signal decay for the labeled 50,000 cells that were statistically significantly different from the non-labeled cells of the same count ([Figure 6A](#F0006){ref-type="fig"}). For the 10,000 cells, the T~2~\* FLASH sequence showed sharp signal decay for the labeled cells, whereas the T~2~ MSME sequence produced gradual exponential signal decay for the labeled cells. Signal intensities of both sequences were statistically significantly less than those of the non-labeled cells of the same count ([Figure 6B](#F0006){ref-type="fig"}).Figure 6Representative T~2~\*- and T~2~-weighted MRI images acquired using FLASH gradient echo and MSME sequence protocols, respectively, of live mice brains implanted stereotaxically with labeled (using 25 µg/mL of IO-MI NPs in media without FBS supplementation) (right side) and non-labeled (left side) FGF21 MSCs of counts of 50,000 cells (**A**), and 10,000 cells (**B**) suspended in 2 µL aliquots of PBS solution, acquired at days 0, 1, and 7 after surgery. The regions of interest (solid line rectangles) are enlarged below every image, and the areas of labeled FGF21 MSCs are marked with blue dotted line outlines, whereas those of the non-labeled FGF21 MSCs are marked with red dotted line outlines. The corresponding signal intensities versus echo times graph of the T~2~\*-weighted MRI images (T~2~S-Weighted) are also shown.Figure 7Representative T~2~\*- and T~2~-weighted MRI images acquired using FLASH gradient echo and MSME sequence protocols, respectively, of live mice brains implanted stereotaxically with labeled (using 25 µg/mL of IO-MI NPs in media without FBS supplementation) (right side) and non-labeled (left side) FGF21 MSCs of counts of 2000 cells suspended in 2 µL aliquots of PBS solution, acquired at days 0, 1, 7, 14, 21, and 28 after surgery. The regions of interest (solid line rectangles) are enlarged below every image, and the areas of labeled FGF21 MSCs are marked with blue dotted line outlines, whereas those of the non-labeled FGF21 MSCs are marked with red dotted line outlines. The corresponding signal intensities versus echo times graph of the T~2~\*-weighted MRI images (T~2~S-Weighted) are also shown.

To investigate whether the decrease in MRI signal by the labeled cells will stay long enough to serve the purpose of longitudinal tracking, we acquired images using both MRI sequences of the smallest cell count (2000 cells) at different time points until 28 days after transplantation. We observed that both T~2~\* FLASH and T~2~ MSME sequences could detect the cells at all time points up to 28 days post-transplantation, and that the cells did not migrate to other regions of the brain and were confined to the regions of implantation. We observed that both T~2~\* FLASH and T~2~ MSME sequences produced gradual exponential signal decay for the labeled cells. Signal intensities of both sequences were statistically significantly less than those of the non-labeled cells of the same count indicating that these sequences are capable of distinguishing small number of labeled cells ([Figure 7](#F0007){ref-type="fig"}). Such results indicate that the labeled FGF21 MSCs have strong T~2~ contrast capabilities compared to non-labeled cells and that the MRI sequences are suitable for detection of small counts of labeled cells, which will be suitable for further homing and cell tracking studies.

Discussion {#S0004}
==========

An integral component of the development of therapeutic stem cells in the regenerative medicine field is to establish protocols for monitoring the transplanted cells continuously and non-invasively to evaluate their therapeutic efficiency. There are mainly two stages needed to monitor the transplanted cells in vivo. The first stage is to label the therapeutic cells with an agent that imparts imaging properties to cells and the second one is to utilize a suitable medical imaging modality to track and monitor the labeled cells.

This study aims to establish and characterize optimized protocols to monitor MSCs using a genetically engineered MSCs model labeled with iron oxide nanoparticles and visualized using MRI. To the best of our knowledge, there is no clinically approved iron oxide nanoparticle formulation to label MSCs (most clinically approved iron oxide nanoparticles were discontinued from the market due to safety or other reasons,[@CIT0031] and the usage of the FDA-approved Ferumoxytol iron oxide nanoparticles to label the cells for MRI applications is considered as an "off label" use because it is only approved clinically to treat anemia patients with kidney diseases[@CIT0032],[@CIT0033]), and hence it is vital to fill this missing gap and present potential labeling formulations to the research community for further investigations.

In this study, we used two MSC types derived from bone marrow of C57BL/6 mice and genetically engineered to produce either FGF21 and mCherry or mCherry alone, with the aim of utilizing such cells in traumatic brain injury research by our group. We selected three commercial iron oxide nanoparticles formulations and tested their labeling efficiencies at the same conditions, and found that two of the formulations (IO-S NPs and IO-TN NPs) produced aggregates of nanoparticles outside cells and showed less internalization into the cells compared to the third formulation (IO-MI NPs); the aggregations observed with the two formulations might have been due to the surface charges and colloidal stability of nanoparticles in serum-containing media.[@CIT0024]

Regarding labeling MSCs with IO-MI NPs, we found that the cellular uptake of nanoparticles is concentration-dependent and a concentration of 25 µg/mL of IO-MI NPs achieved an optimum labeling of cells with minimal extracellular aggregations; these results are in line with those of Taylor et al.[@CIT0034] To reduce any aggregation of IO-MI NPs, we tested their properties in media with or without FBS supplementation and found that the presence of FBS in labeling media enhances the aggregation of IO-MI NPs, which were confirmed with the prussian blue staining and confocal laser scanning microscopy of labeled cells, and the TEM imaging of the nanoparticles incubated in the labeling media. This aggregation of nanoparticles might have happened due to formation of protein coronas around nanoparticles in serum-containing media, which alters their physicochemical properties and hydrodynamic sizes.[@CIT0035] After determining the optimum labeling conditions, we visualized the labeled MSCs of both types by confocal laser scanning microscopy and found the nanoparticles to localize in the perinuclear space and to be absent from nuclei of cells. We evaluated the efficiency of the optimized labeling conditions with flow cytometry and found that labeling was uniform among cells, which was evident from narrow peaks of the fluorescence intensity histograms. Also, flow cytometry showed that about 98% of the cells were labeled with the nanoparticles, and that they showed strong fluorescence signal intensity shift of their peaks as well as statistically significantly higher mean signal intensity values compared to the non-labeled cells. Our results of the confocal laser scanning microscopy and flow cytometry are in agreement with a previous report.[@CIT0034]

To evaluate the effects of labeling on the biological properties of MSCs, we observed that labeling MSCs with increasing concentrations (up to 50 µg/mL) of IO-MI NPs did not reduce their cell viability. In fact, the viability of cells increased slightly; this observation was previously reported with other iron oxide nanoparticle formulations by other groups and it may be due to the facts that iron can accelerate and not arrest the cell cycle, and has peroxidase-like activity which breaks down the cellular H~2~O~2~ and hence stimulates cell growth.[@CIT0015],[@CIT0036] On the other side, Umashankar et al reported that labeling the neural stem cells with Molday ION Rhodamine B iron oxide nanoparticle formulation reduced the viability of cells at a concentration of 50 µg/mL;[@CIT0020] however, we cannot relate their finding to our results because they used different types of tested cells and nanoparticle formulations. Moreover, we found that labeling MSCs with IO-MI NPs slightly reduced the amounts of FGF21 (amounts produced by labeled cells were about 91% of those produced by non-labeled cells). There are no published data regarding this finding to compare our results to, but we believe that the amounts of produced protein are enough to produce regenerative therapeutic effects, as we observed from our unpublished data of other projects.

The effects of labeling stem cells with iron oxide nanoparticles on the differentiation capacity of cells are variable and depends on several factors including the type of nanoparticles, concentration of iron oxide, duration of labeling, and type of tested cells,[@CIT0020],[@CIT0034],[@CIT0037] so careful design and evaluation of the labeling protocols are necessities. For the differentiation capabilities of both types of our MSCs, we observed that labeling the cells with IO-MI NPs did not affect their capabilities of osteogenic and adipogenic differentiation. These observations are in agreement with Taylor et al[@CIT0034] who used the same type of iron oxide formulation to label MSCs.

Collectively, our findings indicate that the optimized labeling protocol we developed did not alter the viability of cells, and their capabilities of expressing FGF21 and osteogenic and adipogenic differentiation, and hence the used protocol has the potential of labeling MSCs safely without altering their biological characteristics.

To evaluate the efficiency of labeled MSCs for MRI applications, we tested the signal intensities of different counts of labeled cells embedded in agarose phantoms at different echo times and compared them to zero cell control phantoms using T~2~ MSME sequence. We found that the decay in signal is correlated to the number of labeled cells, and that the scan parameters were sensitive enough to visualize about 175 labeled cells. There are published studies that reported different limits of sensitivity of detection for lower number of cells;[@CIT0019],[@CIT0038] however, we cannot compare their findings to ours due to any of the following factors: different magnetic field strength of MRI scanners, varying MRI sequence protocols, distinct cell types, different nanoparticle formulations, and postprocessing of images. For in vivo live imaging of mice brains, we did not use the same scan sequence protocols we used for phantoms due to long scan times which were not suitable for live animals. We used T~2~\* FLASH and T~2~ MSME sequences to visualize the mice brains. We observed that both sequences could visualize all numbers of labeled cells clearly as hypointense regions in the transplantation area. The hypointense regions of the labeled cells decreased gradually with time but were persistent for all time points up to 28 days post transplantation. On the other side, the non-labeled cells did not show hypointense regions similar to those observed with the labeled cells; however, there were minor magnetic field distortions along the needle and injection sites, similar to the findings of Namestnikova et al[@CIT0038] and Brisset et al.[@CIT0039] We observed "blooming effect" which decreased with time in images acquired using T~2~\* FLASH sequence for higher number of labeled cells, denoted by spread of the hypointense regions due to disturbance of the magnetic field of a region bigger than that occupied by the cells by iron nanoparticles.[@CIT0038] Although the T~2~\* FLASH sequence was sensitive enough to detect 2000 labeled cells, it did not show clear anatomical structures of the brain. Whereas, the T~2~ MSME sequence was not as sensitive as the T~2~\* FLASH sequence in detecting small numbers of labeled cells; it showed more clear anatomical structures of the brain and more realistic sizes of the transplanted cells regions. Therefore, the use of the two sequences is complementary to visualize the transplanted cells to get the benefits and avoid the drawbacks of both sequences. Although it was possible for our scanning protocols to detect smaller numbers of labeled MSCs, we decided not to use less than 2000 cells because at lower number of cells, the hypointense regions will not be reliably distinguishable from the needle injection sites and hemorrhages. Also, the counts of therapeutic stem cells used in research are usually much more than 2000 cells, so we believe that visualizing this number of cells is enough to serve our purpose of tracking the therapeutic stem cells. Collectively, the MRI data demonstrated that the engineered MSCs labeled with IO-MI NPs according to our optimized protocol could be monitored non-invasively in vivo over an extended period of 4 weeks.

Conclusion {#S0005}
==========

This study presents a facile optimized magnetic labeling platform for cells and in vivo MRI visualization model for tracking and monitoring cells to assist the bench-to-bedside translation of therapeutic stem cells. Our carefully standardized protocols presented in this manuscript resulted in efficient labeling of the cells that did not alter their viability, expression of FGF21 (neuroprotective) or differentiation capabilities, and demonstrated the capacity for in vitro and long-term in vivo MRI visualization and tracking of the labeled MSCs with high sensitivity for various regenerative medicine applications.
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